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The  oxygen  reduction  reaction  has  been  studied  on  gas  diffusion  electrodes  made  with  various  activated 
carbon  materials  and  on  the  edge/basal  orientations  of  pyrolitic  graphite.  A  Mn02  catalyst  was  loaded  on 
all  carbon  surfaces.  The  Mn02  catalyst  demonstrated  significant  catalytic  activity  for  the  oxygen  reduction 
reaction.  The  specific  catalytic  activity  was  found  to  relate  to  the  concentration  of  the  edge  orientation  of 
carbon  materials  loaded  with  Mn02  catalyst.  The  higher  the  percentage  of  edge  orientations,  the  higher 
the  specific  catalytic  activity  would  be.  Mn02  may  not  participate  in  the  reduction  of  02,  but  catalyze  the 
disproportionation  of  H02_. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  has  been  a  persistent  and  continuous  effort  to  search  for 
clean  and  renewable  power  sources.  Fast  growing  markets  of  elec¬ 
tronic  devices  for  both  civilian  and  military  applications  require 
high  energy  battery  systems.  The  rapid  proliferation  and  commer¬ 
cial  success  of  hybrid  electric  vehicles  (HEVs)  renewed  the  interest 
in  the  development  of  high  capacity  traction  batteries  to  take  HEVs 
to  the  next  level  of  plug-in  hybrid  vehicles  (PHEVs).  PHEVs  are 
believed  to  be  the  next  generation  of  urban  commuting  vehicles, 
preceding  the  advent  of  true  electric  vehicles. 

Metal-air  cells,  which  utilize  oxygen  in  the  air  as  the  cathode 
active  material,  provide  high  energy  density.  Air  cathodes  have 
been  investigated  for  decades,  and  manganese  oxides  [1-10]  have 
been  identified  as  the  most  promising  candidates  for  the  oxygen 
reduction  reaction  (ORR)  catalyst  because  of  their  low  cost,  abun¬ 
dance  and  environmental  friendliness.  However,  the  activity  and 
mechanism  by  which  the  ORR  takes  place  in  these  materials  remain 
to  be  fully  understood,  even  though  the  mechanism  of  the  ORR 
catalyzed  by  manganese  oxide  has  been  extensively  studied.  It 
was  proposed  [11-15]  that  a  manganese  oxide  catalyzed  ORR  goes 
through  successive  2-electron  processes.  The  intermediate  H02_ 
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species  formed  after  oxygen  gains  two  electrons  disproportionate 
into  02  and  OH-  on  the  MnOx  sites.  Manganese  oxide  was  believed 
to  be  an  efficient  catalyst  for  H02-  disproportionation  [12,15].  The 
reaction  is  sensitive  to  the  percentage  of  manganese  oxide  in  the 
carbon  material  and  the  types  of  manganese  oxide  [16].  The  elec¬ 
trode  containing  a  low  percentage  of  manganese  catalyst  tends  to 
follow  the  peroxide  pathway,  forming  peroxide  ions  due  to  the  fact 
that  H02-  cannot  effectively  disproportionate  [15].  Thus,  insuffi¬ 
cient  catalyst  can  result  in  peroxide  accumulation  on  the  electrode 
surface  and  in  the  pores  of  GDL,  it  leads  to  a  lower  voltage  and 
impedes  the  fast  kinetics  of  oxygen  reduction.  The  regenerated  oxy¬ 
gen  through  the  disproportionation  of  H02-  will  be  re-reduced 
on-site  at  the  carbon  electrode.  Thus,  a  manganese  oxide  cata¬ 
lyst  makes  the  oxygen  reduction  a  pseudo  4-electron  reduction 
by  increasing  the  reduction  current  density  via  replenishment  of 
oxygen  through  a  catalyzed  disproportionation  of  H02_.  Therefore, 
the  reduction  current  increases  at  the  manganese  oxide  catalyzed 
carbon  electrode  [12-14]. 

The  argument,  however,  is  whether  or  not  Mn02  participates 
in  the  2-electron  reduction  process.  Since  the  reduction  poten¬ 
tial  of  Mn02  is  close  to  the  oxygen  reduction  potential  in  alkaline 
electrolyte,  the  reduction  of  the  Mn02  catalyst  may  occur  at  the 
same  time  as  oxygen  reduction  or  at  a  more  positive  potential  due 
the  high  overpotential  for  the  ORR.  The  mechanism  for  the  cat¬ 
alytic  oxygen  reduction  could  be  through  the  chemical  oxidation  of 
the  reduction  product  of  Mn02.  The  electrocatalytic  activity  could 
be  related  to  the  occurrence  of  a  mediation  process  involving  the 
reduction  of  Mn(IV)  and  Mn(III),  followed  by  the  electron  trans- 
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fer  of  Mn(III)  to  oxygen  and  by  the  disproportion  reaction  of  the 
H02-  species  in  the  manganese  oxide  sites  [11,14].  Cao  et  al.  [13] 
reported  that  the  ORR  happened  in  parallel  with  the  reduction  of 
Mn02  to  MnOOH,  and  the  catalytic  activity  of  Mn02  is  dependent  on 
its  electrochemical  activity.  However,  after  investigating  the  Mn02 
catalyzed  ORR  on  a  Nafion-modified  gold  electrode,  Mao  et  al.  pro¬ 
posed  that  MnOx  does  not  enhance  the  first  2-electron  process  of 
reducing  02  to  H02-  [12],  and  the  oxygen  reduction  reaction  may 
occur  mainly  on  carbon  sites  [11].  In  order  to  improve  the  kinet¬ 
ics  of  the  2-electron  reduction  of  02,  the  same  authors  proposed  a 
dual  catalyst  for  redox-mediating  02  reduction  and  disproportion- 
ating  the  reduction  intermediates  by  using  CoTAPc  and  MnOOH, 
respectively  [17,18]. 

A  catalytic  ORR  at  the  gas  diffusion  electrode  (GDE)  occurs  on 
the  surface  of  the  porous  electrode.  The  actual  catalytic  activity  is 
determined  by  the  numbers  of  active  sites  on  the  electrode  surface. 
The  present  investigation  is  devoted  to  the  study  of  the  interac¬ 
tion  between  a  manganese  oxide  catalyst  and  carbon  support,  and 
the  “active  sites”  for  the  ORR.  Qu  [19]  reported  that  the  catalytic 
activities  of  non-catalytic  activated  carbon  materials  are  related 
to  the  surface  structure,  and  the  ORR  mainly  occurs  on  the  edge 
orientation  of  the  graphite  micro-domains. 


2.  Materials  and  methods 

2.1.  Materials 

The  high  surface  area  activated  carbon  materials  UMB1-5  were 
home-made  by  the  modification  of  commercial  activated  carbon 
materials,  which  were  the  same  materials  used  in  our  previous  pub¬ 
lication  [19].  ACS  grade  (99.0%  min)  KMn04  was  purchased  from 
VWR. 


2.2.  Catalyst  loading  into  carbon  matrix 

There  are  two  different  ways  to  load  solid  Mn02  catalyst  into 
high  surface  area  carbon  materials.  It  can  be  done  either  by  mechan¬ 
ically  mixing  the  already  prepared  catalyst  with  carbon  support  or 
by  impregnating  soluble  Mn  species  into  the  pores  of  the  carbon 
material,  followed  by  treatments  to  yield  the  Mn02  catalyst.  The 
advantage  of  the  impregnation  method  is  achievement  of  a  homo¬ 
geneous,  highly  dispersed  catalyst  on  the  surface  of  high  surface 
area  carbon  electrodes.  For  example,  in  the  studies  reported  by 
Zhu  et  al.  [20],  the  meso-porous  carbon  was  first  made  to  become 
hydrophilic  by  surface  modification,  the  liquid  droplets  with  Mn(II) 
were  introduced  by  adjusting  the  hydrophobic  property  and/or 
pore  size  of  the  carbon  material.  The  KMn04  solution  was  then 
introduced  to  the  pores  of  the  carbon  material.  At  last,  Mn02 
nanoparticles  with  a  typical  size  of  2-3  nm  were  formed  within  the 
pores  of  the  carbon  matrix  after  the  permanganate  was  reduced 
by  carbon.  A  systematic  study  was  done  by  Qu  and  co-workers  to 
optimize  Mn02  loading  procedures  by  means  of  statistical  Design- 
of-Experiment  [21  ].  The  process  used  to  make  the  electrode  for  this 
study  was  the  best  one  reported  in  reference  [21  ]. 

Mn02-loaded  carbon  material  was  made  by  reacting  80  mL  of 
2  wt%  KMn04  solution  with  50  g  of  carbon  material  suspended  in 
200  mL  deionized  (DI)  water  at  80  °C  for  40  min.  The  catalyst-loaded 
carbon  was  then  filtered,  washed  with  DI  water  and  dried  overnight 
at  120  °C. 

The  content  of  the  Mn02  catalyst  in  the  carbon  matrix  was 
analyzed  by  first  digesting  the  Mn02-loaded  carbon  in  10%  HN03 
solution  at  boiling  temperature.  Mn02  was  then  reduced  to  soluble 
Mn2+.  The  Mn2+  concentration  in  the  solution  was  measured  using 
Inductively  Coupled  Plasma  (ICP). 


2.3.  Electrolyte,  reference  and  counter  electrodes 

30wt%  aqueous  KOH  solution  was  used  as  an  electrolyte  in  all 
experiments.  All  potentials  reported  were  referred  to  the  Hg/HgO 
reference  electrode  immersed  in  the  electrolyte.  A  Ni-mesh  was 
used  as  the  counter  electrode. 

2.4.  Construction  of  electrodes  and  electrochemical  cell 

The  GDE  was  made  with  90  wt%  catalyst-loaded  carbon  mate¬ 
rial  and  1 0  wt%  Teflon®  dry  material.  The  Teflon®  suspension  (T-30) 
used  was  from  DuPont.  The  catalyst-loaded  activated  carbon  was 
first  wet  with  iso-propanol  solution  and  then  mixed  thoroughly 
with  T-30.  The  dough  was  subsequently  hot-rolled  into  a  thin  film 
and  then  hot-pressed  onto  a  Ni-mesh  current  collector  using  a 
hydraulic  press. 

The  construction  of  the  electrochemical  cell  was  reported  in  the 
previous  publication  [19].  The  interfacial  area  between  the  GDE  and 
the  electrolyte  was  95  mm2. 

Solid  pyrolytic  graphite  rods  (high  order  pyrolytic  graphite 
(HOPG))  were  sealed  in  shrinkable  tubing.  The  surface  of  the  edge 
orientation  was  polished  to  a  mirror  finish  with  a  3-p^m  polishing 
paper.  The  fresh  surface  of  a  basal  orientation  was  revealed  by  plac¬ 
ing  a  piece  of  Scotch®  tape  in  contact  with  the  basal  surface  and  then 
peeling  off  a  thin  layer  with  the  tape.  One  droplet  of  2  wt%  KMn04 
was  dropped  on  the  surface  of  the  graphite  rods.  After  1  h,  the  elec¬ 
trodes  were  immersed  in  a  basic  solution  (pH  10,  made  with  KOH), 
in  order  to  wash  away  un-reacted  permanganate  from  the  surface 
without  dissolving  Mn02.  When  the  solid  graphite  rods  were  used 
as  the  working  electrodes,  they  were  housed  in  a  three-neck  flask. 
Pure  oxygen  or  argon  was  bubbled  through  a  sintered  disperser  for 
1  h  before  the  electrochemical  measurements  were  conducted.  The 
interfacial  area  of  the  graphite  rod  was  79  mm2. 

2.5.  Experimental  techniques  and  instrumental  details 

Electrochemical  measurements  were  carried  out  using  an  EG&G 
173  potentiostat/galvanostat  controlled  by  a  Q&R  Smart  Data 
Package.  A  Micromeritics  ASAP  2020  porosimeter  was  used  for 
measuring  the  surface  area  and  porosity.  Nitrogen  was  used  as 
an  adsorbate  gas.  Density  Functional  Theory  (DFT)  software  from 
Micromeritics  was  used  for  the  calculation  of  pore  distribution.  Slit- 
pore  geometry  was  assumed.  A  Perkin  Elmer  Optima  3000XL  ICP 
Spectrometer  was  used  for  the  analysis  of  soluble  Mn2+ 

3.  Results  and  discussion 

3.1.  Reduction  of  oxygen  on  the  basal  and  edge  orientations  of 
HOPG  coated  with  Mn02  catalyst 

The  carbon  active  site  for  the  reaction  has  been  determined 
to  be  the  edge  orientation  of  the  carbon  [19].  However,  for  the 
GDE  loaded  with  Mn02  catalyst,  the  catalytic  activity  of  the  car¬ 
bon  material,  the  contribution  of  a  Mn02  catalyst,  and  interaction 
between  Mn02  and  carbon  should  be  taken  into  consideration. 
In  order  to  investigate  the  oxygen  reduction  mechanism  and  the 
active  site  for  a  carbon  electrode  loaded  with  Mn02,  the  ORR  on 
the  edge  and  basal  surface  of  HOPG  coated  with  Mn02  was  stud¬ 
ied.  HOPG  is  a  very  well  crystallized  graphite;  its  basal  orientation 
is  flat  on  the  atomic  scale  and  can  be  considered  a  nearly  defect 
free  surface.  Fig.  1  shows  the  comparison  of  the  cyclic  voltammetry 
for  the  basal  and  edge  planes  coated  with  Mn02  catalyst  in  argon. 
They  were  the  typical  profiles  for  the  reduction  of  Mn02  [20].  Obvi¬ 
ously,  the  amount  of  Mn02  on  the  surface  of  the  edge  orientation 
was  significantly  higher  than  that  on  the  basal  plane.  The  chemi¬ 
cal  properties  of  the  basal  and  edge  orientations  are  significantly 
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Fig.  1.  Cyclic  voltammetry  for  the  reduction  of  Mn02  loaded  on  the  edge  and  basal 
orientations  of  HOPG  in  the  electrolyte  saturated  with  argon.  Scan  rate:  0.1  mVs-1. 


Fig.  3.  Cyclic  voltammetry  at  Mn02 -loaded  edge  plane  in  argon  and  oxygen  satu¬ 
rated  electrolyte.  Scan  rate:  0.1  mV  s-1. 


different.  There  are  no  unsaturated  chemical  bonds,  free  electrons 
or  chemically  bonded  functional  groups  on  the  basal  plane,  mak¬ 
ing  it  resistant  to  oxidation.  The  edge  plane,  however,  is  rough 
with  unsatisfied  valences.  Most  of  the  surface  functional  groups  are 
attached  to  it,  so  it  is  more  chemically  active  than  the  basal  plane. 
The  Mn02  catalyst  was  loaded  on  the  graphite  surface  by  react¬ 
ing  KMn04  with  carbon.  KMn04  would  be  reduced  to  Mn02  while 
carbon  would  become  oxidized  to  C02.  It  appears  that  only  a  lim¬ 
ited  amount  carbon  (maybe  a  few  layers  of  carbon  on  the  surface) 
became  oxidized  on  the  basal  surface,  and  much  more  carbon  was 
oxidized  on  the  edge  layer,  allowing  a  larger  deposition  of  Mn02 
on  the  edge  orientation. 

Fig.  2  shows  the  potentiodynamic  analysis  of  the  ORR  on  the 
basal  and  edge  orientations  catalyzed  with  Mn02.  A  significant  dif¬ 
ference  can  be  observed.  The  catalytic  reduction  of  oxygen  was 
inhibited  on  the  basal  plane,  and  the  edge  orientation  demon¬ 
strated  a  high  activity.  The  results  were  consistent  with  the  oxygen 
reduction  on  pyrolitic  graphite  [20,22-24].  Figs.  1  and  2  seem  to 
demonstrate  that  the  majority  of  Mn02  would  be  deposited  on 
the  edge  plane,  and  the  catalytic  activity  of  the  edge  orientation 
is  much  higher  than  that  of  the  basal  plane.  Fig.  3  shows  the  cyclic- 
voltammetry  profiles  for  the  edge  plane  loaded  with  catalyst  in 
the  electrolyte  saturated  with  02  or  Ar.  Apparently,  the  reduc¬ 
tion  of  Mn02  on  both  electrodes  happened  in  the  same  potential 
range  (-0.2  V  to  -0.5  V  vs.  FIg/FIgO  reference  electrode),  which  is 
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Fig.  2.  Potentiodynamic  curve  for  O2  reduction  at  Mn02 -loaded  edge  and  basal 
layers  of  HOPG.  Scan  rate:  0.1  mVs-1. 


about  250  mV  more  negative  than  the  ORR  potential  (0.0-0.1  V  vs. 
FIg/FIgO).  Even  though  there  might  be  some  high  oxidation  state 
Mn  being  reduced  at  more  positive  potentials,  the  majority  of  the 
Mn02  was  reduced  after  the  ORR  happened.  Thus,  the  mechanism 
involving  Mn4+/Mn3+  mediation  process  is  difficult  to  reconcile  in 
this  case  since  the  Mn4+  formed  by  the  reaction  between  perman¬ 
ganate  and  carbon  would  gain  one  electron  at  a  much  more  negative 
potential  than  that  of  the  ORR.  Zoltowsi  et  al.  [24]  reported  that  the 
addition  of  moderate  quantities  of  Mn02  powder  gave  a  beneficial 
effect  in  the  region  of  high  currents,  and  80%  of  Mn02  was  used  in 
the  catalyst  layer  in  Cao  et  al.’s  report  [13].  In  both  reports,  Mn02 
was  mechanically  mixed  with  the  carbon  materials.  It  would  be 
difficult  for  the  powdered  Mn02  to  gain  intimate  contact  with  dif¬ 
ferent  carbon  orientations.  So,  the  good  initial  performance  may 
result  from  the  reduction  of  highly  active  powdered  Mn02  rather 
than  the  catalytic  reduction  of  oxygen.  Indeed,  some  forms  of  highly 
active  Mn02,  e.g.  7-Mn02,  which  is  commonly  used  in  primary 
alkaline  Mn02/Zn  cells,  would  become  reduced  at  a  more  positive 
potential  than  oxygen.  The  hypothesis  is  consistent  with  what  Cao 
et  al.  [13]  reported:  that  the  catalytic  activity  of  Mn02  is  closely 
related  to  the  electrochemical  activities  of  Mn02. 

Fig.  4A  and  B  shows  the  comparison  of  the  ORR  on  the  catalyzed 
and  non-catalyzed  edge  and  basal  planes,  respectively.  Fig.  4A 
shows  the  significant  increase  of  the  reduction  current  for  the 
Mn02-loaded  edge  electrode.  Flowever,  it  is  interesting  to  point  out 
that  the  ORR  overpotential  remained  almost  the  same  in  the  both 
cases.  If  the  catalyzed  2-electron  reduction  involves  a  Mn4+/Mn3+ 
mediation  process,  then  the  ORR  overpotential  would  decrease  on 
the  Mn02-loaded  surface.  The  significant  increase  of  the  reduction 
current  could  result  from  the  replenishment  of  oxygen  through  the 
catalyzed  disproportionation  of  FI02-.  If  the  ORR  on  the  Mn02- 
loaded  surface  involves  the  formation  of  FI02_  on  carbon  and  then 
the  disproportionation  of  H02-  on  Mn02,  the  current  would  just 
be  doubled  in  the  absence  and  in  the  presence  of  Mn02.  It  is  worth 
pointing  out  that  the  increase  of  the  reduction  current  for  the 
Mn02-loaded  electrode  was  larger  than  two  times  of  that  for  the 
unloaded  electrode.  The  phenomenon  could  result  from  the  kinetic 
limitation  on  the  carbon  electrode  due  to  the  accumulation  of  per¬ 
oxide  on  the  surface.  Fig.  4B  shows  the  comparison  of  the  catalyzed 
and  non-catalyzed  basal  planes.  It  is  worth  emphasizing  that  even 
though  oxygen  did  not  get  reduced  on  the  pristine  basal  plane,  a 
small  but  significant  ORR  current  can  be  observed  on  the  Mn02- 
loaded  basal  layer.  The  hypothesis  is  that  permanganate  may  not 
react  with  carbon  layer  by  layer  on  the  basal  plane,  so  local  edge¬ 
like  defects  may  be  created  during  the  catalyst  loading,  allowing 
the  ORR  to  happen  on  those  defects. 
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Potential  /  V  vs.  Hg/HgO 


Fig.  4.  Portions  of  cyclic  voltammetry  at  (A)  pristine  and  Mn02 -loaded  basal  planes 
and  (B)  pristine  and  Mn02 -loaded  edge  layers,  both  in  02  saturated  electrolyte.  Scan 
rate:  0.1  mVs-1. 

3.2.  ORR  on  the  activated  carbon  electrode  loaded  with  Mn02 
catalyst 

Activated  carbons  contain  pores  starting  from  less  than  one 
nanometer  to  several  thousand  nanometers.  The  pores  of  different 
sizes  play  specific  roles  in  the  adsorption  process.  The  adsorption 


isotherm  gives  useful  information  for  the  determination  of  the  sur¬ 
face  area  of  the  adsorbent,  the  volume  of  the  pores  and  their  size 
distribution.  Pores  that  have  openings  smaller  than  the  size  of  a  N2 
molecule  or  that  do  not  have  openings  to  the  outside  of  the  grains 
are  not  accessible  to  nitrogen  adsorbate.  The  pore  that  is  not  acces¬ 
sible  to  a  given  adsorbate  is  referred  as  closed  porosity.  The  surface 
area  of  the  closed  pores  cannot  be  measured  by  physical  adsorp¬ 
tion.  Understandably,  most  of  the  closed  pores  are  micropores.  The 
mechanism  of  the  reaction  between  KMn04  and  activated  carbon 
was  studied  in  detail  in  our  previous  publication  [21  ].  KMn04  oxi¬ 
dizes  the  surface  layer  of  carbon  forming  C02,  while  Mn02  fine 
particles  precipitate  on  the  carbon  surface.  Such  reaction  could 
modify  the  carbon  surface  in  two-way:  first,  when  the  perman¬ 
ganate  reaches  the  carbon  atoms  on  surface,  the  top  layer  of  carbon 
will  be  removed  by  being  oxidized  to  carbon  dioxide,  this  processes 
happens  on  the  external  surface  and  within  the  large  pores  through 
which  permanganate  can  reach  the  internal  carbon  surface  of  such 
pores,  because  permanganate  ions  can  only  penetrate  large  pores; 
second,  the  Mn02  fine  particles  that  are  formed  will  precipitate  on 
the  surface  of  carbon  where  the  redox  reaction  happens.  Thus,  solid 
Mn02  would  mainly  deposit  on  the  walls  of  the  large  pores  which 
will  reduce  the  surface  area  of  large  pores.  Meanwhile,  removing  of 
the  top  carbon  layers  would  reveal  those  otherwise  seal-off  pores 
and  widen  the  opening  of  nano-pores.  Therefore,  the  surface  area 
of  the  initially  closed  pores  which  had  not  been  available  to  N2 
adsorbate,  or  the  nano-pores  with  the  openings  too  small  to  accom¬ 
modate  N2  absorbate,  become  accessible  to  the  absorbate  gas.  The 
“adsorption”  porosity  could  be  modified.  The  composition  of  the 
Mn02-loaded  activated  carbon  materials  is  given  in  Table  1.  The 
morphological  parameters  of  the  materials  are  also  tabulated  in  the 
table  in  comparison  to  those  of  blank  activated  carbon  materials. 
Although  the  change  of  total  surface  area  after  catalyst  loading  var¬ 
ied,  the  surface  area  of  pores  <7  A  increased  and  the  surface  area 
of  pores  >15  A  decreased  for  all  five  carbon  materials,  as  demon¬ 
strated  in  Table  1.  Fig.  5  shows  the  comparison  of  pore  distribution 
for  UMB5  activated  carbon  before  and  after  catalyst  loading.  The 
change  in  porosity  is  clearly  illustrated.  The  results  were  not  only 
consistent  with  what  we  concluded  in  the  previous  publication 
[21],  but  explained  what  Zoltowsi  et  al.  [24]  observed.  They  both 
reported  that  a  high  relative  discharge  capacity  was  obtained  for 
the  electrode  prepared  with  the  low  permanganate  content  at  the 
high  discharge  rate.  It  is  worth  pointing  out  that  the  surface  area 
reported  in  Table  1  was  the  surface  area  of  powders.  It  would  be  use¬ 
ful  to  report  the  surface  area  of  GDE  directly,  however,  in  order  to 
obtain  high  quality  and  reproducible  absorption  data  for  a  high  sur¬ 
face  area  micro-porous  carbon,  the  specimen  needs  to  be  degassed 
at  relative  high  temperature  in  which  Teflon  becomes  unstable. 


Table  1 

Comparison  of  the  percentage  of  Mn02,  surface  area,  surface  area  of  carbon,  surface  area  of  pore  <7  A,  <15  A,  and  >15  A,  and  average  pore  size. 


Sample 

%  Mn02 

Surface  area 
(m2  g-1) 

Surface  area  of 
carbon  (m2  g_1)a 

Surface  of  pore 
<7A(m2  g-1) 

Surface  of  pore 
<15A(m2  g-1) 

Surface  of  pore 
>15  A  (m2  g-1) 

Average  pore 
size  (A) 

UMB1 

941 

300 

695 

246 

27.3 

Mn-UMBl 

1.9 

859 

874 

406 

700 

159 

25.0 

UMB2 

783 

420 

620 

163 

54.6 

Mn-UMB2 

1.9 

784 

798 

560 

710 

74 

40.4 

UMB3 

1211 

450 

900 

311 

24.6 

Mn-UMB3 

2.2 

805 

821 

300 

620 

185 

23.2 

UMB4 

717 

320 

617 

100 

36.9 

Mn-UMB4 

2.0 

730 

744 

446 

670 

60 

28.7 

UMB5 

904 

385 

690 

215 

31.9 

Mn-UMB5 

2.1 

824 

841 

460 

681 

143 

25.4 

a  The  surface  area  of  carbon  was  calculated  based  on  the  assumption  that  the  surface  area  of  Mn02  is  50  m2  g-1 .  The  rational  for  the  assumption  was  discussed  in  detail  in 
reference  [21]. 
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Fig.  5.  Comparison  of  pore  size  distribution  of  blank  and  Mn02 -loaded  activated 
carbon  UMB5. 


Fig.  7.  Catalytic  activity  (the  slope  of  potentiodynamic  reduction  curves  as  shown 
in  Fig.  6)  as  a  function  of  R  value. 


The  specific  surface  area  and  porous  structure  of  carbon  mate¬ 
rials  are  very  important  for  the  electrocatalytic  performance  of 
carbon  supported  catalysts.  The  higher  electrocatalytic  perfor¬ 
mance  of  a  GDE  could  arise  from  the  extension  of  the  reaction 
zone.  In  other  words,  the  unique  structure  of  the  Mn02-loaded  car¬ 
bon  matrix  can  provide  more  effective  three-phase  interface  areas 
that  increase  the  utilization  of  catalyst  particles.  Theoretically,  the 
pores  which  can  accommodate  N2  adsorbate  at  77  K  would  be  avail¬ 
able  for  simple  hydrated  ions  in  alkaline  electrolyte  eventually  [25]. 
However,  in  a  GDE,  the  effective  pores  need  to  be  large  enough  not 
only  to  accommodate  the  simple  hydrated  ions,  dissolved  02,  and 
solvated  anion  intermediates,  e.g.  H02-,  but  also  to  provide  a  fast 
mass  transfer  pathway.  Appleby  et  al.  suggested  that  a  pore  diam¬ 
eter  in  the  order  of  18  A  would  be  required  to  facilitate  an  effective 
ORR  [26].  The  ORR  is  a  surface  phenomenon,  and  the  polarization 
is  closely  related  to  the  local  current  density  (mA  per  square  meter 
of  effective  electrode  area),  thus  a  specific  current  density  ought 
to  be  used  in  order  to  compare  the  catalytic  activity  of  the  carbon 
electrodes  with  different  surface  areas.  Fig.  6  shows  the  potentiody¬ 
namic  profiles  taking  into  consideration  the  effective  surface  area. 


Fig.  6.  Potentiodynamic  for  02  reduction  at  pristine  and  Mn02 -loaded  UMB4  and 
UMB5  activated  carbon  materials.  Surface  area  of  pores  with  size  larger  than  15  A 
was  used  to  calculate  the  current  density.  Scan  rate:  0.5  mV  s-1 . 


The  surface  area  of  the  pores  larger  than  15  A  was  assumed  as  an 
effective  surface  for  the  ORR  [19].  Significant  differences  can  be 
observed  for  the  blank  carbon  electrodes  and  Mn02-loaded  elec¬ 
trodes.  The  addition  of  a  very  small  quantity  of  manganese  in  the 
form  of  permanganate  appreciably  lowered  the  electrode  polariza¬ 
tion  over  the  whole  current  density  range. 

The  potential  of  the  ORR  results  from  IR  drop,  electrochemi¬ 
cal  polarization  and  mass  transfer  polarization.  The  electrocatalytic 
activity  increases  with  the  amount  of  the  effective  active  sites  on 
the  surface  of  the  porous  electrode,  which  should  be  accessible  to 
both  electrolyte  and  oxygen  in  the  gas  phase.  Without  a  sufficient 
supply  of  such  active  sites,  lower  potential  resulted  from  kinetic 
limitation,  and  peroxide  accumulation  could  occur. 

The  structure  of  activated  carbon  is  composed  of  roughly  par¬ 
allel  associations  of  hydrocarbon  moieties  and  quite  defective 
non-planar,  but  parallel,  associations  of  carbon  atoms  [27].  Such 
short-range  arrangements  of  the  defective  graphene  sheets  can  be 
estimated  by  an  empirical  parameter  (R),  which  is  defined  as  the 
ratio  of  the  height  of  the  (0  0  2)  Bragg  peak  to  the  background  [28]. 
The  R  value  is  proportional  to  the  average  number  of  graphene 
layers  stacked  in  parallel  fashion,  thus  it  is  proportional  to  the 
amount  of  the  edge  orientation  on  the  carbon  surface.  Larger  R  val¬ 
ues  indicate  a  higher  percentage  of  edge  orientation.  Fig.  7  shows 
the  relationship  of  the  R  value  with  the  slope  of  the  reduction  curve 
(mAm-2  mV-1).  It  is  obvious  that  the  specific  catalytic  activity  of 
Mn02-loaded  carbon  electrodes  was  significantly  improved  com¬ 
pared  to  that  of  the  blank  carbon  electrodes.  Similarly  with  blank 
activated  carbon  [19],  the  specific  catalytic  activity  of  Mn02 -loaded 
carbon  electrodes  increases  as  R  increases,  therefore  it  could  be 
concluded  that  the  Mn02  catalyzed  ORR  mainly  happens  at  the 
edge  orientation  of  the  activated  carbon  substrate.  Mn02  fine  par¬ 
ticles  should  disperse  well  over  the  surface  of  carbon  materials. 
However,  as  concluded  in  Section  3.1,  most  of  the  Mn02  parti¬ 
cles  are  believed  to  be  deposited  on  the  edge  orientation,  which 
is  in  agreement  with  the  ability  of  metal  nanoparticles  to  form 
TT-complexes  with  multiple  -C-C-  bonds  at  the  edge  of  graphene 
networks  [29].  In  addition,  one  may  also  realize  that  the  catalytic 
activity  of  Mn02 -loaded  carbon  electrodes  with  larger  R  values 
improved  more  against  the  blank  carbon  electrodes  than  those  with 
smaller  R  values,  as  seen  when  comparing  Fig.  7  with  Fig.  7  in  refer¬ 
ence  [19].  So,  the  2-electron  reduction  of  02  is  proposed  to  happen 
on  the  edge  orientation.  Mn02  nanoparticles,  which  may  also  accu¬ 
mulate  at  the  edge  plane,  would  catalyze  the  disproportionation  of 
H02-,  and  the  additional  02  would  be  reduced  at  the  edge  plane. 


N.  Ominde  et  al  /  Journal  of  Power  Sources  195  (2010)  3984-3989 


3989 


It  is  worth  pointing  out  that  the  actual  catalytic  activity  of 
a  Mn02-loaded  carbon  material  is  proportional  to  both  the  spe¬ 
cific  catalytic  activity  (per  square  meter),  which  is  related  to  the 
concentration  of  edge  orientation,  and  the  effective  surface  area 
where  the  ORR  takes  place.  It  seems  that  while  the  specific  cat¬ 
alytic  activity  increases  with  the  help  of  the  Mn02  catalyst,  the 
effective  surface  area,  which  is  composed  of  the  external  sur¬ 
face  and  the  surface  of  large  pores,  decreases  due  to  the  Mn02 
deposition.  The  process  to  make  a  good  GDE  would  be  to  uni¬ 
formly  dope  the  surface  of  a  high  surface  area  carbon  with  a 
high  percentage  of  large  pores  and  of  edge  orientation  with  Mn02 
without  significantly  sacrificing  the  effective  interfacial  surface 
area. 

4.  Conclusions 

The  activity  of  Mn02  loaded  on  HOPG  electrodes  was  inves¬ 
tigated.  The  amount  of  Mn02  deposited  on  the  edge  layer  is 
significantly  higher  than  that  on  the  basal  layer.  Mn02  has  limited 
impact  on  the  2-electron  reduction  of  oxygen,  which  is  believed 
to  happen  on  the  edge  orientation  of  carbon,  but  it  increases 
the  reduction  current  density  by  replenishing  additional  oxygen 
through  catalyzed  disproportionation  of  H02_. 

Both  effective  interfacial  surface  area  and  specific  catalytic  activ¬ 
ity  for  the  Mn02-loaded  activated  carbon  materials  were  also 
investigated  for  the  ORR.  The  specific  catalytic  activity  of  Mn02- 
loaded  carbon  materials  was  found  to  rely  on  the  active  sites  in  the 
form  of  edge  orientations  on  the  carbon  surface.  Mn02  nanoparti¬ 
cles  were  proposed  to  be  mainly  deposited  on  the  edge  surface. 
As  the  concentration  of  edge  orientation  increased,  the  specific 
catalytic  activity  also  increased.  The  edge  orientation  with  the 
deposition  of  Mn02  on  the  surface  of  the  activated  carbon  sub¬ 
strate  serves  as  an  “active  site”  for  the  ORR.  The  total  interfacial 
area  is  dependent  on  the  percentage  of  large  pores.  The  surface 
area  of  smaller  pores  increased  and  the  surface  area  of  larger  pores 
decreased  after  the  carbon  materials  reacted  with  KMn04.  The 
redox  reaction  between  the  carbon  and  permanganate  may  open 
up  closed  pores  by  removing  the  surface  carbon  layer,  and  Mn02 
may  be  deposited  mainly  on  the  external  surface  and  surface  of 
large  pores. 
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